Based on nuclear magnetic resonance (NMR) relaxation theory, the mathematical model between T 2 value and pore size was proposed. The model results showed that small pores have low T 2 values, while large pores have high T 2 values. Thus, different reservoir rocks, owing to their diverse pore structures, have different T 2 distribution characteristics when water-saturation condition is 100%. NMR experiments with different reservoir rocks under different centrifugal speeds were performed. The comparison of pore structures and water movability in diverse rocks was analyzed based on the NMR experimental results. As centrifugal speed increased, water was progressively expelled from the rocks. There are significant differences in the declining in the water saturation and the area of T 2 spectrum per unit volume (S T ) of all the four samples. The water saturation declining in clastic rocks is higher than that of coals. Moreover, both T 2 peaks of clastic rocks corresponding to small and large pores successively decreased, while for coals, the peaks with low T 2 values were hardly affected, which is consistent with the results of water saturation declining. This is because the low T 2 values correspond to the adsorption pores in coal, from which water is hard to drain out, and since coal rocks are dominant by adsorption pores, the water movability of coals is lower than that of clastic rocks.
INTRODUCTION
The water contained in pores of gas reservoirs will precipitously reduce the effective permeability of the gas phase and thus affect gas well productivity (Shen et al., 2011; Tao et al., 2012; Li et al., 2013) . Therefore, understanding the mobility of water and the characteristics of water seepage could provide theoretical criteria and technical support for gas and water production (Zhang et al., 2013) . Nuclear magnetic resonance A MiniMR-MG instrument with a resonance frequency of 23 MHz was used in this work. The main NMR measurement parameters included the echo spacing of 0.175 ms, the waiting time of 1.5 s, the echo numbers of 5000, the scanning numbers of 64, and the environment temperature of 32 degrees. After the measurements, T 2 distributions were computed by multi-exponential inversion of the echo data with 64 pre-set decay time logarithmically spaced from 0.01 ms to 10000 ms. In order to obtain accurate comparability of different samples, measurement parameters maintain unchanged at each step in the experiments.
THEORETICAL DERIVATION
Previous research pointed out that the NMR T 2 distribution is closely related to the pore size distributions. Moreover, small pores have low T 2 values and large pores have high T 2 values (Kenyon, 1992; Kleinberg and Vinegar, 1996; Kenyon, 1997; Li et al., 2012b) . However, until now the quantitative relationship between pore size and T 2 value has not been fully identified or understood. Thus this section mainly focuses on the establishment of the mathematical model between pore size and T 2 value based on NMR relaxation theory.
Theoretically, a NMR measurement consists of using an external magnetic field to align hydrogen magnetic moments, and to create a dipole moment in the hydrogenous fluid component of the sample (Yao et al., 2010b) . The amplitude of the dipole moment is proportional to the number of hydrogen protons ( 1 H) present and thus the quantity of fluid in the rock can be analyzed. This NMR experiment involves applying the radio-frequency field (CPMG sequence) to the sample that was placed in a magnetic field and detecting the observable magnetization as a signal which decays with time. The time evolution of the dipole moment can be decomposed into T 2 spectrum. T 2 is an indication of how fast the tipped protons in the fluids relax transversely (Howard, 1998) .
For fluid within a rock, three independent relaxation mechanisms will occur: (1) surface relaxation between the fluid-solid interface, (2) bulk relaxation, which is an intrinsic property of the fluid, and (3) diffusion induced relaxation in a gradient field (Coates et al., 1999) .
(1) Where T 2 is the transverse relaxation time of the pore fluid that measured by a CPMG sequence; T 2S is the T 2 relaxation time of the pore fluid resulting from surface relaxation; T 2B is the T 2 relaxation time of the pore fluid that is measured in a container so large that container effects would be negligible, and T 2D is the T 2 relaxation time of the pore fluid that induced by diffusion in the magnetic field gradient (Coates et al., 1999) . (2) Where ρ is the T 2 surface relaxivity (T 2 relaxing strength of the grain surfaces), and
(S/V) pore is the ratio of pore surface to fluid volume.
Where T K is temperature (K); η is fluid viscosity (cp).
Where D is the molecular diffusion coefficient; γ is the gyromagnetic ratio of a proton; G is the field-strength gradient (G/cm); and TE is the inter-echo spacing used in the CPMG sequence. When the NMR test environment and measurement parameters were set and remainn unchanged, (1/T 2B + 1/T 2D ) can be deemed as a constant b and thus Eq. (1) can be rewritten as:
Where ρ is not a constant, but decreases with pore radius can be described by an empirical formula (Pape et al., 2009): (6) Where ρ eff is the relativity of pores with a radius of 9.53 m. And (S/V) pore is inversely proportional to the pore radius r:
With a = 2 for cylindrical capillaries and a = 3 for spheres. Substituting Eqs. (6) and (7) into Eq. (5), the new mathematical model between T 2 value and pore size can be redefined as: (8) 4. EXPERIMENTAL RESULTS 4.1. T2 distributions of rocks at 100% water-saturated condition The spectra of the four samples at 100% water-saturated condition are shown in Fig. 1a . Different rocks have diverse characteristics of NMR T 2 distributions. The T 2 distribution of the high rank coal has two independent peaks, with the main peak
Comparative analysis on water movability in pores of different reservoir rocks by nuclear magnetic resonance located at the low T 2 value section, and the sub-peak located at the high T 2 value section. Additionally, the main peak is much greater than the sub-peak, suggesting that small pores are more developed than large pores in the high rank coal. The T 2 distribution of the low rank coal shows a continuous trimodal characteristic: the main peak is also located at the low T 2 value section, and the two sub-peaks are located at the high T 2 value section. For clastic rocks, T 2 spectra of both sandstone and mudstone show continuous bimodal distributions. The T 2 spectrum of the sandstone has two similar peaks, indicating that the volume of small pores is similar to that of the large pores. Similar to coals, the mudstone sample has two peaks: the main peak is located at the low T 2 value section and the sub-peak is located at the high T 2 value section. It means that small pores are more developed than large pores in the mudstone. For the low rank coal, the area of T 2 spectrum per unit volume (S T ) is up to 1.37×10 3 ms/cm 3 . That is approximately twice the amount of the high rank coal (0.81×10 3 ms/cm 3 ), which indicates that the volume of pores developed in the low rank coal are larger than that of the high rank coal. The reason for this is probably that low rank coal has low compaction and contraction degrees and loose structures; therefore, low rank coal has more developed pores than that of high rank coal. In addition, the S T of the sandstone is the highest (2.09×10 3 ms/cm 3 ) of the four rocks. However, the mudstone is relatively denser with undeveloped pores; thus, its T 2 spectrum is relatively weaker with a S T value of only 0.33×10 3 ms/cm
3
, approximately 1/6 of the sandstone sample. The T 2 amplitude is directly proportional to the hydrogen content within the rock fluids, and there is a positive correlation between S T of the four samples (at 100% water saturation) and the water content measured by the gravimetric method as can be seen in Fig. 1b . 
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Pore size analyses of different rocks
In this study, the centrifugal pressure can be calculated by the Eq. (9) following Chinese Oil and Gas Industry Standard SY/T5346-2005.
Where Pci is the centrifugal pressure; Δρ is the density contrast of two phase fluids; L is the length of the sample; R e is the radius of external rotation; and n is the centrifugal speed. With the increase of centrifugal pressure, the water saturations of all four samples show a downward trend, but there are significant differences among the characteristics of the water saturation declining curve due to the different pore structures of the four samples (Fig. 2) . The water saturation decline in sandstone is the largest, followed by mudstone and low rank coal, while high rank coal is the least.
Comparative analysis on water movability in pores of different reservoir rocks by nuclear magnetic resonance The mutual attraction between porous media and water relates to pore structure, and it is the reason for the pressure imbalance which is defined as capillary pressure. Theoretically, it can be described by the Young-Laplace equation (Mehmani and Prodanovic, 2014) : (10) Where P c is the capillary pressure; r is the minimal pore size for water to discharge at the pressure P c ; θ is the contact angle between water molecule and pore surface; and δ is the interfacial tension between rock and water. For a certain rock, 2δcosθ is a δ θ = = P cos r c r 2 / / c constant, which can be deemed as c. It is apparent that the pore radius that causes water to discharge is controlled by the capillary pressure. In the experiments, each sample was centrifuged at a series of rotor speeds, and water was progressively expelled from the samples as the centrifugal pressure excessed the capillary pressure. Thus, substitute Eq. (10) into Eq. (9), a certain centrifugal speed corresponds to a pore size: Based on the analyses of the weight of the water that drained under different centrifugal speed, pore structure distributions of the four samples were obtained. Results show that small pores (r/c<0.35) are developed very well in high rank coals, with a volume percentage up to 85.33%, while large pores (r/c>0.35) are less developed (Fig. 3a) . However, the pore structure of sandstone is dominated by large pores, and small pores are undeveloped with a percentage of only 12.91% (Fig. 3b) . Mudstone and low rank coal fall somewhere between high rank coal and sandstone. Small pores and large pores are developed in these two samples, though small pores are a little more developed (Figs. 3c and 3d) . 
T 2 distributions of rocks at different water saturations
For the high rank coal, with the increase of centrifugal speed, the T 2 distribution was almost unchanged so that only the peak located at the high T 2 value section was slightly narrowed. After drying for 8 hours, both of the two T 2 peaks were sharply reduced, and the T 2 peak corresponding to large pores almost disappeared (Fig. 4a ). This indicates that there was less change in the water content in pores of the high rank coal during centrifugation. However, during the high-temperature drying process, this sample lost most of its water, and in particular, water in large pores had all been evaporated. However, there was still some residual water in the small pores. Fig. 4b shows how the S T of the high rank coal decreases in proportion to the water content.
When centrifugal speed reached 2000 r, the T 2 distribution of the low rank coal changed from continuous trimodal distribution to continuous bimodal distribution. In addition, the peak with the largest T 2 values disappeared, while the two peaks with the small T 2 value were constant. This may mean that water in the largest pores of the low rank coal was expelled first. As the centrifugal speed increased, water in small pores was progressively expelled, and the T 2 spectrum of this sample became a non-overlap bimodal distribution which is similar with that of the high rank coal. From that point on, the T 2 spectrum of the low rank coal hardly changed with further increasing centrifugal speed. After high-temperature drying, the peak that corresponded with large pores almost disappeared, and there was still a small portion of water in small pores, as is shown in Fig. 5a . The S T of the low rank coal is proportional to the water content, as water was expelled from the sample, and it declined with the increase of the centrifugal speed (Fig. 5b) .
For the sandstone, at the centrifugal speed of 2000 r, the components with the large T 2 values decreased significantly, while components with small T 2 values were hardly affected (Fig. 6a) , indicating that under low centrifugal speed, the water in small pores of sandstone cannot be expelled. As the centrifugal speed increased, the components with small T 2 values began to decrease progressively, which is the same with the low rank coal. However, when the centrifugal speed reached 6000 r, most of the water in this sample was expelled, its T 2 amplitude became really low and the T 2 distribution turned into a non-overlap bimodal distribution. Finally, T 2 peaks of the sandstone sample were basically unchanged under further increased centrifugal speed and hightemperature drying, indicating that the water in the sandstone was almost drained under the centrifugal speed of 6000 r. As shown in Fig. 6b , there is a positive correlation between the S T of sandstone under different centrifugal speed and the water content measured by the gravimetric method. The mudstone was relatively dense with undeveloped pores, thus, its T 2 peaks were the lowest among the four samples. At the centrifugal speed of 2000 r, the components with large T 2 values decreased while the components with small T 2 values were unchanged (Fig. 7a) . With the increase of the centrifugal speed, both T 2 peaks of this sample showed a downward trend. In addition, the peak that corresponded with small pores declined more sharply, which is possibly because of the highly developed small pores and good connectivity among them in the mudstone sample. After high-temperature drying, the T 2 698
Comparative analysis on water movability in pores of different reservoir rocks by nuclear magnetic resonance spectrum still has higher peaks, which indicates that there is still a lot of residual water in this sample. S T and water content of the mudstone also show a positive correlation: the lower the water content is, the smaller the S T is (Fig. 7b) .
Water movability in pores of different rocks
As shown in Table 1 , S T of the high rank coal was basically maintained at about 0.80×10 3 ms/cm 3 when the centrifugal speed increased from 0 to 8000 r, while it severely decreased to 0.08×10 3 ms/cm 3 after high-temperature drying. The S T dropped only 3.96% in the centrifugation and 90.09% during the process of drying. For low rank coal, the S T demonstrated a phased downward trend with the increase of centrifugal speed. When the centrifugal speed was 0-4000 r, the S T changed from 1.37×10 3 to 1.27×10 3 ms/cm 3 , with a drop of 7.27%. However, when the centrifugal speed was 6000-8000r, the S T dropped 54.00%. After drying, the S T of the low rank coal was only 0.03×10 3 ms/cm 3 , with a drop of 97.61%. Compared with coal rocks, the S T of the sandstone progressively reduced under the centrifugal speed of 0-6000 r, with a reduction up to 93.24%, indicating that most of the water in this sample was expelled. When there was a centrifugal speed of 8000 r and a high-temperature drying process, the S T only reduced slightly. For the mudstone, the S T showed a gradual decreasing trend with the increase of the centrifugal speed. When the centrifugal speed reached 8000 r, the S T became 0.15×10 3 ms/cm 3 , decreased by 55.30%. After hightemperature drying, the S T was 0.11×10 3 ms/cm 3 with a reduction of 66.57%, indicating that there was still 33.43% of water in the sample. According to its state, water in reservoirs can be divided into capillary water, adsorbed water and crystal water. Capillary water stores in large pores, and it is unmovable unless the stress excesses the capillary force. Adsorbed water exists in small pores, and it cannot move freely under normal temperature and pressure, however, it will evaporate if at 105~110 degrees for 1-2 hours. Crystal water is the water that bond with minerals as compounds, which can decompose only when the temperature is higher than 200 degrees. In this experiment, the water which was expelled during centrifugation was capillary water, the water that evaporated during the drying process was adsorbed water, and the water that remained in rocks was crystal water.
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Comparative analysis on water movability in pores of different reservoir rocks by nuclear magnetic resonance The NMR results show that the content of capillary water in high rank coal, low rank coal, sandstone and mudstone was 3.96%, 54.00%, 93.24% and 55.30% respectively, as is shown in Table 2 , indicating that the water movability in pores of sandstone, mudstone, low rank coal and high rank coal reduced in sequence. However, the absorbed water is well developed in coal rocks due to the dominant small pores, and these small pores are mostly adsorption pores. The contents of absorbed water in high rank coal and low rank coal were 86.13% and 43.61%, which are higher than that of sandstone (0.43%) and mudstone (11.27%). Moreover, owing to the well-developed minerals in mudstone, crystal water in mudstone sample is up to 33.43%, which was the highest of the four samples.
DISCUSSIONS
In the NMR experiments, the components with the large T 2 values decreased significantly while the components with small T 2 values were hardly affected at low centrifuge speed. As the centrifuge speed increased, components with small T 2 values progressively began to decrease. Thus, a certain centrifugal speed corresponds to a fixed T 2 value, known as a T 2cutoff , which divides the T 2 spectrum into two parts: one corresponds to the irreducible water and the other corresponds to the movable water. The irreducible water region with T 2 < T 2cutoff corresponds to small pores from which water cannot produce, whereas the movable water region with T 2 > T 2cutoff corresponds to large pores in which water is producible. T 2cutoff values are obtained by comparing the cumulative amplitude of T 2 spectra before and after centrifugation, as shown in Fig. 8. T 2cutoff values of different rocks under different centrifugal speeds are given in Table 3 . With the centrifuge speeds increasing, the movable water volume in pores increases while T 2cutoff values decrease. However, since the four rocks have diverse pore structures, their T 2cutoff values are also different under different centrifugal speeds. At the same centrifugal speed, the T 2cutoff values of coals are higher than those of clastic rocks, because the small pores in coals are mostly adsorption pores, which are not water productive. The smaller the T 2cutoff value is, the more the movable water is. Therefore, clastic rocks have better water movability than coals, while sandstone has the best pore structure and water movability. In the NMR experiment, c/r of the four samples under different centrifugal speed can be calculated from Eq. (11), and a certain centrifugal speed corresponds to a fixed T 2cutoff . Thus, there is a correlation between 1/T 2 and c/r based on NMR experimental results. From analyses of NMR experiments of the four samples, the relationship between 1/T 2 and c/r of the four rocks can be well described by Eq. (8), which can be seen from Fig. 9 . In conclusion, the model can accurately describe the NMR experimental results.
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Comparative analysis on water movability in pores of different reservoir rocks by nuclear magnetic resonance Figure 9 . The relationship between 1/T 2 and c/r (a: high rank coal; b: low rank coal; c: sandstone; d: mudstone). 6. CONCLUSIONS During research, a methodology was established to characterize pore structures and water movability in reservoir rocks using NMR. Moreover, the relationship between T 2 value and pore size was discussed and a mathematical model was developed.
At a condition of complete water saturation, different rocks have different T 2 distributions due to their diverse pore structures. The S T of sandstone is the highest, S T of mudstone is the lowest, and coal rocks fall somewhere between the sandstone and mudstone. This indicates that the sandstone has the highest water content and the most developed pore structure After sandstone comes low rank coal, high rank coal, and mudstone sequentially. With the increase of centrifugal speed, the S T of the four samples all show a downward trend, but there are significant differences among the characteristics of S T declining curves. At low centrifugal speeds, the components with the large T 2 values disappeared from the spectrum while the components with small T 2 values were unaffected for all the four samples. However, as the centrifugal speed increased, components with small T 2 values of clastic rocks began to decline progressively, whereas for the coals, the components with small T 2 values still have little variation. This is because the small pores in coals are mostly adsorption pores, which have no water productivity. Therefore, the water movability for coals is worse than that of clastic rocks. Based on the NMR relaxation theory, a mathematical model between T 2 value and pore size was proposed. And then, in the NMR experiment, we found that a certain centrifugal speed corresponds to a fixed T 2cutoff value, as water successively drained from different size pores under different centrifugal speeds. The relationship between T 2 value and pore size obtained from NMR experiments show an excellent correlation with the mathematical model based on NMR theory, which further confirmed the reliability of the mathematical model.
